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(57) ABSTRACT

A semiconductor structure 1s provided that includes a gate
conductor structure having a middle portion that has a
vertical thickness that 1s greater than a vertical thickness of
cach end portion, and a self-aligned dielectric gate cap
located on the gate conductor structure and having a middle
portion that has a vertical thickness that 1s less than a vertical
thickness of each end portion. The aforementioned gate
conductor structure, which 1s taller in the middle and shorter
at the edges, has reduced gate resistance, while the afore-

mentioned self-aligned dielectric gate cap, which 1s taller at
the edges and shorter in the muiddle, increases process
margin for contact formation.

10 Claims, 6 Drawing Sheets
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TRANSISTOR WITH REDUCED GATE
RESISTANCE AND IMPROVED PROCESS

MARGIN OF FORMING SELF-ALIGNED
CONTACT

BACKGROUND

The present application relates to a semiconductor struc-
ture and a method of forming the same. More particularly,
the present application relates to a semiconductor structure
including at least one functional gate structure having
reduced gate resistance and a self-aligned dielectric cap that
1s designed to increase process margin for self-aligned
contact formation.

Self-aligned contact becomes inevitable for 10 nm node
and beyond technologies due to highly scaled gate pitch.
Self-aligned contact requires a self-aligned dielectric cap on
top ol a conductive material of a functional gate structure to
clectrically 1solate the source/drain contact from the con-
ductive material of the functional gate structure.

Due to the finite etch selectively between the self-aligned
dielectric cap and an interlayer dielectric (ILD) material that
laterally surrounds the functional gate structure, the erosion
of the self-aligned dielectric cap corner 1s inevitable. As a
result, the self-aligned dielectric cap has to be thick enough
to prevent source/drain contact which can lead to source/
drain contact structure to conductive material shorts and
dielectric breakdown (i.e., reliability) issues. A thick seli-
aligned dielectric cap also means deep conductive material
recess, which reduces the conductive material volume and
thus increases gate resistance.

There 1s thus a need for providing a semiconductor
structure 1including a functional gate structure having
reduced gate resistance and a self-aligned dielectric cap that
overcomes the drawbacks mentioned above for prior art
self-aligned dielectric caps.

SUMMARY

A semiconductor structure 1s provided that includes a gate
conductor structure having a middle portion that has a

vertical thickness that 1s greater than a vertical thickness of

cach end portion, and a self-aligned dielectric cap located on
the gate conductor structure and having a middle portion that
has a vertical thickness that 1s less than a vertical thickness
of each end portion. The aforementioned gate conductor
structure, which 1s taller in the middle and shorter at the
edges, has reduced gate resistance, while the aforementioned
self-aligned dielectric cap, which i1s taller at the edges and
shorter 1n the middle, increases process margin for contact
formation.

In one aspect of the present application, a semiconductor
structure 1s provided. In one embodiment, the semiconductor
structure 1ncludes a functional gate structure located on a
surface of a semiconductor material substrate. The func-
tional gate structure includes a gate conductor structure
having a middle portion that has a vertical thickness that 1s
greater than a vertical thickness of each end portion. A
self-aligned dielectric cap 1s located on the gate conductor
structure. The self-aligned dielectric cap has a middle por-
tion that has a vertical thickness that 1s less than a vertical
thickness of each end portion. A contact structure contacts at
least one source/drain region of the functional gate structure.

In another aspect of the present application, a method of

forming a semiconductor structure 1s provided. In one
embodiment, the method includes forming a functional gate
structure on a surface of a semiconductor material substrate,
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2

wherein a dielectric spacer 1s located on a sidewall of the
functional gate structure and a first interlayer dielectric
(ILD) material laterally surrounds the dielectric spacer. The
dielectric spacer 1s then recessed, and thereafter a gate
conductor material of the functional gate structure 1s etched
to provide a gate conductor structure having a middle
portion that has a vertical thickness that 1s greater than a
vertical thickness of each end portion. A self-aligned dielec-
tric cap 1s formed on the gate conductor structure. The

self-aligned dielectric cap has a middle portion that has a
vertical thickness that 1s less than a vertical thickness of each
end portion. A second interlayer dielectric (ILD) material 1s
formed over the first ILD material and the self-aligned
dielectric cap. A contact opening 1s then formed 1nto the first
and second ILD materials that physically exposes one of the
source/drain regions of the functional gate structure and,
thereafter a contact structure i1s formed into the contact
opening and contacting the physically exposed source/drain
region.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross sectional view of an exemplary semi-
conductor structure of the present application and during an
carly stage of stage of fabrication, the structure including a
functional gate structure located on a surface of a semicon-
ductor material substrate, wherein a dielectric spacer 1is
located on a sidewall of the functional gate structure and a
first interlayer dielectric (ILD) material laterally surrounds
the dielectric spacer.

FIG. 2 1s a cross sectional view of the exemplary semi-
conductor structure of FIG. 1 after recessing the dielectric
spacer.

FIG. 3 15 a cross sectional view of the exemplary semi-
conductor structure of FIG. 2 after recessing the gate dielec-
tric material layer of the functional gate structure.

FIG. 4 1s a cross sectional view of the exemplary semi-
conductor structure of FIG. 3 after etching the gate conduc-
tor material to provide a gate conductor structure having a
middle portion that has a vertical thickness that 1s greater
than a vertical thickness of each end portion.

FIG. 5 1s a cross sectional view of the exemplary semi-
conductor structure of FIG. 4 after second recessing of the
dielectric spacer and the gate dielectric material layer.

FIG. 6 1s a cross sectional view of the exemplary semi-
conductor structure of FIG. § after forming a self-aligned
dielectric cap on the gate conductor structure, wherein the
self-aligned dielectric cap has a middle portion that has a
vertical thickness that 1s less than a vertical thickness of each
end portion.

FIG. 7 1s a cross sectional view of the exemplary semi-
conductor structure of FIG. 6 after forming a second ILD
material over the first ILD material and the self-aligned
dielectric cap, and forming a patterned mask on the second
ILD material, wherein the patterned mask has an opening
that 1s located above a source/drain region of the functional
gate structure.

FIG. 8 1s a cross sectional view of the exemplary semi-
conductor structure of FIG. 7 after transferring the opening
into the first and second ILD materials to provide a contact
opening that physically exposes one of the source/drain
regions of the functional gate structure.

FIG. 9 15 a cross sectional view of the exemplary semi-
conductor structure of FIG. 8 after forming a contact struc-
ture 1nto the contact opening and contacting the physically
exposed source/drain region.
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3
DETAILED DESCRIPTION

The present application will now be described 1n greater
detail by referring to the following discussion and drawings
that accompany the present application. It 1s noted that the
drawings of the present application are provided for 1llus-
trative purposes only and, as such, the drawings are not
drawn to scale. It 1s also noted that like and corresponding
clements are referred to by like reference numerals.

In the following description, numerous specific details are
set forth, such as particular structures, components, materi-
als, dimensions, processing steps and techniques, 1n order to
provide an understanding of the various embodiments of the
present application. However, 1t will be appreciated by one
of ordinary skill 1n the art that the various embodiments of
the present application may be practiced without these
specific details. In other instances, well-known structures or
processing steps have not been described in detail 1n order
to avoid obscuring the present application.

It will be understood that when an element as a layer,
region or substrate 1s referred to as being “on” or “over”
another element, 1t can be directly on the other element or
intervening elements may also be present. In contrast, when
an element 1s referred to as being “directly on” or “directly
over’ another element, there are no intervemng elements
present. It will also be understood that when an element 1s
referred to as being “beneath™ or “under” another element,
it can be directly beneath or under the other element, or
intervening elements may be present. In contrast, when an
clement 1s referred to as being “directly beneath” or
“directly under” another element, there are no intervening
clements present.

Referring now to FIG. 1, there 1s illustrated an exemplary
semiconductor structure of the present application and dur-
ing an ecarly stage of stage of fabrication. The exemplary
structure of FIG. 1 includes a functional gate structure (18,
20) located on a surface of a semiconductor material sub-
strate 10, wherein a dielectric spacer 14 1s located on a
sidewall of the functional gate structure (18, 20) and a first
interlayer dielectric (ILD) material 16 laterally surrounds the
dielectric spacer 14. As 1s shown, the exemplary structure of
FIG. 1 includes source/drain regions 12 located in the
semiconductor material substrate 10.

Although the drawings of the present application illustrate
two functional gate structures (18, 20) located on semicon-
ductor maternial substrate 10, the present application con-
templates embodiments 1 which only a single functional
gate structure or more than two functional gate structures are
formed. By “functional gate structure” 1t 1s meant an active
gate structure used to control output current (1.e., flow of
carriers 1n the channel) of a semiconducting device through
clectrical or magnetic fields. Each functional gate structure
includes a gate dielectric material layer 18 and a gate
conductor material 20.

In one embodiment of the present application, the exem-
plary semiconductor structure of FIG. 1 can be formed
utilizing a gate first process. In a gate first process, the
functional gate structure (18, 20) 1s first formed on a surface
of semiconductor material substrate 10. After forming the
functional gate structure (18, 20), the dielectric spacer 14 1s
formed on the sidewalls of the gate structure. The source/
drain regions 12 are formed into the semiconductor material
substrate 10 and at the footprint of each functional gate
structure (18, 20). Next, the first ILD material 16 1s formed.
In such an embodiment, the gate dielectric material layer 18
1s located only beneath a bottommost surface of the gate
conductor material 20.
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4

In another embodiment of the present application, the
exemplary semiconductor structure of FIG. 1 can be formed
utilizing a gate last process. In a gate last process, at least
one sacrificial gate structure (not shown) 1s first formed on
a surface of semiconductor material substrate 10. After
forming the sacrificial gate structure, the dielectric spacers
14 are formed. Next, source/drain regions 12 are formed 1nto
the semiconductor material substrate 10 and at the footprint
of each sacrificial gate structure. Next, the first ILD material
16 1s formed. After forming the first ILD material 16, each
sacrificial gate structure i1s removed and replaced with a
functional gate structure (18, 20). In such an embodiment as
shown 1n FIG. 1, the gate last process provides a structure in
which the gate dielectric maternial layer 18 1s present along
the sidewalls of each gate conductor material 20 and beneath
a bottommost surface of the gate conductor material 20. In
such an embodiment, the gate dielectric material layer 18
may be referred to as a U-shaped gate dielectric material
layer.

The semiconductor material substrate 10 of the present
application 1s composed of one or more semiconductor
materials having semiconducting properties. Examples of
semiconductor materials that may be used as the semicon-
ductor material substrate 10 include, but are not limited to,
silicon (S1), a silicon germanium (S1Ge) alloy, a silicon
germanium carbide (S1GeC) alloy, germanium (Ge), a I1I/V
compound semiconductor, or a II/VI compound semicon-
ductor.

In one embodiment, the semiconductor material substrate
10 may be a bulk semiconductor substrate. The term “bulk
semiconductor substrate” denotes a substrate that 1s com-
posed entirely of one or more semiconductor materials, as
defined above. In such an embodiment, the functional gate

structure (18, 20) 1s located only upon a topmost surface of
the semiconductor material substrate 10.

In another embodiment, the semiconductor material sub-
strate 10 may be a topmost semiconductor material layer of
a semiconductor-on-insulator (SOI) substrate. The SOI sub-
strate further include an nsulator layer that contacts a
bottommost surface of the topmost semiconductor material
layer, and a handle substrate that contacts a bottommost
surface of the insulator layer; 1n other terms an SOI substrate
includes an insulator layer sandwiched between a topmost
surface matenal layer and a handle substrate. In such an
embodiment, the functional gate structure (18, 20) 1s located
only upon a topmost surface of the semiconductor material
substrate 10.

In a further embodiment of the present application, the
semiconductor material substrate 10 may be a semiconduc-
tor material fin. The term “semiconductor material fin”
refers to a structure composed of a semiconductor material,
as defined above, that includes a pair of vertical sidewalls
that are parallel to each other. A surface 1s “vertical” i1 there
exists a vertical plane from which the surface does not
deviate by more than three times the root mean square
roughness of the surface. In one embodiment, the semicon-
ductor material fin has a height from 20 nm to 200 nm, a
width from 5 nm to 30 nm, and a length from 20 nm to 200
nm. Other heights and/or widths and/or lengths that are
lesser than, or greater than, the ranges mentioned herein can
also be used 1n the present application. In such an embodi-
ment, a single semiconductor material fin or a plurality of
semiconductor material fins may be employed. The semi-
conductor material fin(s) can be formed by patterning an
upper portion of a bulk semiconductor substrate, as defined
above, or by patterning of a topmost semiconductor layer of
a SOI substrate, as defined above. Patterning may be per-
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formed by lithography and etching, a sidewall 1mage trans-
ter (SIT) process or by direct self-assembly (DSA) process
in which a copolymer that 1s capable of direct self-assembly
1s used.

In a yet further embodiment of the present application, the
semiconductor material substrate 10 may be a semiconduc-
tor nanowire. The term “semiconductor nanowire” refers to
a structure composed of a semiconductor material, as
defined above, that has a diameter on the order of a few
nanometers or less. A single semiconductor nanowire or a
plurality of semiconductor nanowires may be employed.
When a plurality of nanowires 1s employed, the nanowires
may be 1n a vertical stacked configuration or they may be
located laterally adjacent to each other. The semiconductor
nanowire(s) can be formed utilizing techniques well known
to those skilled in the art. The semiconductor material
substrate 10 can also be a semiconductor nanosheet. A
semiconductor nanosheet 1s a sheet of a semiconductor
material. The nanosheets may be formed utilizing tech-
niques well known to those skilled 1n the art.

The source/drain regions 12 are composed of a semicon-
ductor material, as defined above, and a p-type dopant or an
n-type dopant. Typically, but not necessarily always, the
source/drain regions 12 are composed of a same semicon-
ductor material as the semiconductor material substrate 10.
In embodiments 1in which the source/drain regions 12 are
composed of a different semiconductor material than the
semiconductor material substrate 10, a strain may be applied
to a channel region of the functional gate structure (18, 20).
As 1s known to those skilled in the art, the channel region 1s
a portion of the semiconductor material substrate 10 that 1s
located beneath the functional gate structure (18, 20) and
between a source region that 1s located on one side of the
functional gate structure, and a drain region that i1s located
on the other side of the functional gate structure. The source
region and the drain region are referred to herein as source/
drain regions 12. The term “p-type” refers to the addition of
impurities to an intrinsic semiconductor that creates defi-
ciencies ol valence electrons. In a silicon-containing semi-
conductor material, examples of p-type dopants, 1.e., impu-
rities, include, but are not limited to, boron, aluminum,
gallium and indium. “N-type” refers to the addition of
impurities that contributes free electrons to an 1ntrinsic
semiconductor. In a silicon containing semiconductor mate-
rial, examples of n-type dopants, 1.e., impurities, include, but
are not limited to, antimony, arsenic and phosphorous. In
one example, the source/drain regions may have a dopant

concentration of from 4x10°° atoms/cm” to 3x10°! atoms/

cm-.

In some embodiments, the source/drain regions 12 can be
formed by introducing a p-type dopant or an n-type dopant,
as defined above, into portions of the semiconductor mate-
rial substrate 10. The dopants may be introduced into
portions of the semiconductor material substrate 10 by 10n
implantation, gas phase doping, or by using a sacrificial
material that contains one of the dopants mentioned above.

In another embodiment, the source/drain regions 12 can
be formed by forming source/drain trenches into the semi-
conductor material substrate 10 and thereafter filling of each
trench with an n-type or p-type doped semiconductor mate-
rial. The filling of the source/drain trenches may 1nclude an
epitaxial growth process. The term “epitaxial growth”
means the growth of a second semiconductor material on a
growth surface of a first semiconductor material, in which
the second semiconductor material being grown has the
same crystalline characteristics as the first semiconductor
material. In an epitaxial deposition process, the chemical
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reactants provided by the source gases are controlled and the
system parameters are set so that the depositing atoms arrive
at the growth surface of the first semiconductor material
with sutlicient energy to move around on the growth surface
and orient themselves to the crystal arrangement of the
atoms of the growth surface. Examples of various epitaxial
growth process apparatuses that can be employed in the
present application include, e.g., rapid thermal chemical
vapor deposition (RTCVD), low-energy plasma deposition
(LEPD), ultra-high vacuum chemical vapor deposition
(UHVCVD), atmospheric pressure chemical vapor deposi-
tion (APCVD) and molecular beam epitaxy (MBE). The
temperature for epitaxial deposition typically ranges from
550° C. to 900° C. Although higher temperature typically
results 1n faster deposition, the faster deposition may result
in crystal defects and film cracking. The epitaxial growth of
the of the source/drain regions 12 can be performed utilizing
any well known precursor gas or gas mixture. Carrier gases
like hydrogen, nitrogen, helium and argon can be used. In
some embodiments, the n-type dopant of p-type dopant 1s
introduced into the precursor gas or gas mixture. In other
embodiments, the n-type dopant of p-type dopant is intro-
duced into an 1ntrinsic semiconductor material that 1s epi-
taxially grown into each source/drain trench.

As mentioned above, the functional gate structure (18, 20)
may include a gate dielectric material layer 18 and a gate
conductor material 20. The gate dielectric matenial layer 18
includes any gate dielectric material. The gate dielectric
maternal that provides the gate dielectric material layer 18
can be an oxide, nitride, and/or oxynitride. In one example,
the gate diclectric material that provides the gate dielectric
material layer 18 can be a high-k material having a dielectric
constant greater than 4.0. Exemplary high-k dielectrics
include, but are not limited to, H1O,, ZrO,, La,0O,, Al,O;,
110,, SrTi0;, LaAlO;, Y,0;, HIO N, ZrO N, La,0O,N

ALON,, TiO\N,, SfTIO.N,, LaAlON,, Y,O.N,, SiON,

S1N ., a silicate thereof, and an alloy thereof. Eachyvalue of
x 1s 1mdependently from 0.5 to 3 and each value of vy 1s
independently from O to 2. In some embodiments, a multi-
layered gate dielectric structure composed of different gate
dielectric materials, e.g., silicon dioxide, and a high-k gate
dielectric, can be formed and used as the gate dielectric
matenal layer 18.

The gate dielectric matenal used 1n providing gate dielec-
tric material layer 18 can be formed by any deposition
process including, for example, atomic layer deposition
(ALD), chemical vapor deposition (CVD), plasma enhanced
chemical vapor deposition (PECVD), physical vapor depo-
sition (PVD), sputtering, or atomic layer deposition. In one
embodiment of the present application, the gate dielectric
material used 1n providing the gate dielectric matenal layer
18 can have a thickness 1n a range from 1 nm to 10 nm. Other
thicknesses that are lesser than, or greater than, the afore-
mentioned thickness range can also be emploved for the gate
dieclectric material that may provide the gate dielectric
matenal layer 18.

The gate conductor material 20 of the functional gate
structure includes any conductive material including, for
example, doped polycrystalline or amorphous silicon, ger-
mamum, silicon germanium, a metal (e.g., tungsten (W),
titanium (11), tantalum (Ta), ruthenium (Ru), hatnium (HI),
zircomium (Zr), cobalt (Co), nickel (N1), copper (Cu), alu-
minum (Al), platinum (Pt), tin (Sn), silver (Ag), gold (Au),
a conducting metallic compound material (e.g., tantalum
nitride (TalN), titanium nitride (TiN), tantalum carbide
(TaC), titammum carbide (T1C), titantum aluminum carbide

(T1AIC), tungsten silicide (WS1), tungsten nitride (WN),
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ruthenium oxide (RuQ,), cobalt silicide (CoSi1), mickel sili-
cide (N1S1)), transition metal aluminides (e.g., T1;Al, ZrAl),
TaC, TaMgC, carbon nanotube, conductive carbon, gra-
phene, or any suitable combination of these matenals. The
conductive material may further comprise dopants that are
incorporated during or after deposition. In some embodi-
ments, a workiunction setting layer (not shown) may be
located between the gate dielectric material layer 18 and the
gate conductor material 20. The workiunction setting layer
can be a workiunction metal (WFM). The WFM can be any
suitable material, including but not limited a nitride, includ-
ing but not limited to titanium nitride (TiN), titanium
aluminum nitride (T1AIN), hatnium nitride (HIN), hainium
silicon nitride (HISiN), tantalum nitride (TaN), tantalum
silicon nitride (TaSiN), tungsten nitride (WN), molybdenum
nitride (MoN), niobium nitride (NbN); a carbide, including
but not limited to titanium carbide (11C) titanium aluminum
carbide (T1AlIC), tantalum carbide (TaC), hatnium carbide
(H1C), and combinations thereof. In some embodiments, a
conductive material or a combination of multiple conductive
materials can serve as both the gate conductor material 20
and the WEFM.

The gate conductor material 20 and WFM can be formed
by any suitable process or any suitable combination of
multiple processes, including but not limited to, atomic layer
deposition (ALD), chemical vapor deposition (CVD), physi-
cal vapor deposition (PVD), sputtering, plating, evaporation,
ion beam deposition, electron beam deposition, laser
assisted deposition, chemical solution deposition, etc. When
a metal silicide 1s formed, a conventional silicidation pro-
cess 1s employed. In one embodiment, the gate conductor
material used 1n providing the gate conductor material 20
can have a thickness from 50 nm to 200 nm. Other thick-
nesses that are lesser than, or greater than, the aforemen-
tioned thickness range can also be employed for the gate
conductor material used 1n providing the gate conductor
material 20.

The functional gate structure (18, 20) can be formed by
providing a functional gate material stack of the gate dielec-
tric material, and the gate conductor matenial. A planariza-
tion process may follow the formation of the functional gate
matenial stack. In one embodiment, and when multiple
functional gate structures are formed, each functional gate
structure may be composed of the same gate dielectric
material and/or gate conductor material. In another embodi-
ment, and when multiple functional gate structures are
formed, a first set of functional gate structures may be
composed of a first gate dielectric material and a first gate
conductor material, while a second set of functional gate
structures may be composed of a second gate dielectric
material and a second gate conductor material. In such an
embodiment, the second gate conductor material 1s typically
different from the first gate conductor material; the first and
second gate dielectric materials may be the same or ditler-
ent. In such an embodiment, block mask technology may be
used to provide functional gate structures that have at least
different gate conductor materials.

The dielectric spacer 14 1s composed of a dielectric spacer
material. The dielectric spacer matenial 1s typically diflerent
from the gate dielectric material that provides the gate
dielectric material layer 18. One example of a dielectric
spacer material that may be employed 1n the present appli-
cation 1s silicon nitride. The dielectric spacer 14 may be
tformed by deposition of a dielectric spacer material, fol-
lowed by a spacer etch. The deposition of the dielectric
spacer material includes, for example, atomic layer deposi-
tion (ALD), chemical vapor deposition (CVD), plasma
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enhanced chemical vapor deposition (PECVD), or physical
vapor deposition (PVD). The spacer etch may include a
reactive 1on etch. In some embodiments (not shown), the
dielectric spacer 14 contacts an entirety of a sidewall of the
gate conductor material 20. In other embodiments (as 1llus-
trated 1n FIG. 1), the dielectric spacer 14 contacts a sidewall

of the gate dielectric matenal layer 14.

The first ILD matenal 16, which 1s laterally adjacent to
the dielectric spacer and laterally surrounds the functional
gate structure (18, 20), 1s composed of a dielectric material
that 1s compositionally different from the dielectric material
of the dielectric spacer 14. Examples of dielectric matenals
that can be used as the first ILD material 16 1n the present
application include silicon dioxide, undoped silicate glass
(USG), fluorosilicate glass (FSG), borophosphosilicate glass
(BPSG), a spin-on low-k dielectric layer, a chemical vapor
deposition (CVD) low-k dielectric layer or any combination
thereof. The term “low-k™ as used throughout the present
application denotes a dielectric material that has a dielectric
constant of less than 4.0. In some embodiments, a dielectric
liner (e.g., silicon nitride, not shown) 1s formed prior to the
first ILD material 16 and 1s located on the sidewalls of the
dielectric spacer 14 and on top of the source/drain regions
12.

In one embodiment, the first ILD material 16 can be
formed by a deposition process such as, for example,
chemical vapor deposition (CVD), plasma enhanced chemi-
cal vapor deposition (PECVD), evaporation or spin-on coat-
ing. Following the deposition of the ILD material 16, a
planarization process such as, for example, chemical
mechanical polishing (CMP) and/or grinding, may or may
not be employed. The first ILD material 16 typically has a
topmost surface that 1s coplanar with a topmost surface of
the dielectric spacer 14, and a topmost surface of each
functional gate structure (18, 20).

Referring now to FIG. 2, there 1s illustrated the exemplary
semiconductor structure of FIG. 1 after recessing the dielec-
tric spacer 14. The remaining portion of the dielectric spacer
14 after recessing may be referred to a first recessed dielec-
tric spacer 14R. The recessing of the dielectric spacer 14
may be performed utilizing an 1sotropic etching process such
as, for example, reactive 1on etching, chemical dry etching,
or chemical wet etching. The first recessed dielectric spacer
14R has a height, 1.e., vertical thickness, which is less than
the original height, 1.e., vertical thickness, of the dielectric
spacer 14. The first recessed dielectric spacer 14R has a
topmost surface that 1s located beneath the topmost surface
of the first ILD material 16 and a topmost surface of the
functional gate structure (18, 20). In embodiments 1n which
the gate dielectric material layer 18 1s U-shaped, an upper
portion of a sidewall of the dielectric spacer matenial layer
18 1s physically exposed. In embodiments in which the gate
dielectric material layer 18 1s non-U-shaped, an upper por-
tion of a sidewall of the gate conductor material 20 1s
physically exposed.

Referring now to FIG. 3, there 1s illustrated the exemplary
semiconductor structure of FIG. 2 after recessing the gate
dielectric material layer 18 of the functional gate structure
(18, 20). In some embodiments and when the gate dielectric
material layer 18 1s other than U-shaped, this step of the
present application may be omitted. The remaiming portion
of the gate dielectric material layer 18 after recessing may be
referred to a first recessed gate dielectric material layer 18R.
The recessing of the gate dielectric material layer 18 may be
performed utilizing an 1sotropic etching process such as, for
example, plasma etching, or chemical wet etching.
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The first recessed gate dielectric material layer 18R has a
height, 1.e., vertical thickness, that 1s less than the original
height, 1.e., vertical thickness, of the gate dielectric material
layer 18. The first recessed gate dielectric material layer 18R
has a topmost surface that 1s located beneath the topmost
surface of the first ILD material 16 and a topmost surface of
the gate conductor material 20. In the illustrated embodi-
ment, the recessing of the gate dielectric material layer 18,
physically exposes an upper portion of a sidewall of the gate
conductor material 20.

The height, 1.e., vertical thickness, of the first recessed
gate dielectric material layer 18R may be the same as, or
different from, the height, 1.e., vertical thickness, of the first
recessed spacer 14R. FIG. 3 illustrates an embodiment in
which the first recessed gate dielectric material layer 18R
and the first recessed dielectric spacer 14R have a same
height, 1.e., vertical thickness, thus the topmost surfaces of
the first recessed gate dielectric material layer 18R and the
first recessed dielectric spacer 14R are coplanar with each
other.

Referring now to FIG. 4, there 1s 1llustrated the exemplary
semiconductor structure of FIG. 3 after etching the gate
conductor material 20 to provide a gate conductor structure
20S having a middle portion that has a vertical thickness
(1.e., height) that 1s greater than a vertical thickness (1.e.,
height) of each end portion; the end portions are located
laterally adjacent each first recessed dielectric spacer 14R.
That 1s, the gate conductor structure 208S that 1s provided by
this etch 1s taller in the middle of the gate conductor
structure 205 and shorter at the end portions of the gate
conductor structure 208S. In FIG. 4, the dotted line represents
the original height of the gate conductor material 20 prior to
performing this etch. A functional gate structure including
gate conductor structure 20S has reduced gate resistance.
The etch used 1n providing the gate conductor structure 205
1s an 1sotropic etch that 1s selective 1n removing a gate
conductive material. The middle portion of the gate conduc-
tor structure 20S may have a topmost surface that is coplanar
with, above, or below, the topmost surface of first recessed
gate dielectric material layer 18R and the first recessed
dielectric spacer 14R. The end portions of the gate conductor
structure 20S have topmost surfaces that are below the
topmost surface of the first recessed gate dielectric material
layer 18R and the first recessed dielectric spacer 14R.

Referring now to FIG. 5, there 1s 1llustrated the exemplary
semiconductor structure of FIG. 4 after second recessing of
the dielectric spacer (1.e., the first recessed dielectric spacer
14R) and the gate diclectric material layer (1.e., the first
recessed gate dielectric material layer 18R). In some
embodiments, the second recessing of the dielectric spacer
and/or the gate dielectric matenial layer may be omuitted.

The remaining portion of the first recessed dielectric
spacer 14R may be referred to herein as a second recessed
dielectric spacer 145, while the remaining portion of the first
recessed gate dielectric maternial layer 18R may be referred
to a second recessed gate dielectric material layer 18S. The
second recessing of the first recessed dielectric spacer 14R
typically occurs prior to the second recessing of the first
recessed gate dielectric material layer 18R.

The second recessing of the first recessed dielectric spacer
14R may be performed utilizing one the anisotropic etching
processes mentioned above for recessing the dielectric
spacer 14. The second recessed dielectric spacer 14S has a
height, 1.e., vertical thickness, that 1s less than the height,
1.€., vertical thickness, of the recessed dielectric spacer 14R.
The second recessed dielectric spacer 14S has a topmost
surface that 1s located beneath the topmost surface of the first
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ILD material 16 and a topmost surface of the gate material
structure 20S. In embodiments 1n which a U-shaped gate
dielectric material layer 1s used, an upper portion of a
sidewall of the first recessed dielectric spacer matenal layer
18R 1s physically exposed. In embodiments in which the
gate dielectric material layer 18 1s non-U-shaped, an upper
portion of a sidewall of the gate conductor structure 20S 1s
physically exposed.

The second recessing of the first recessed gate dielectric
material layer 18R may be performed utilizing one the
etching processes mentioned above for recessing the gate
dielectric material layer 18. The second recessed gate dielec-
tric material layer 18S has a height, 1.e., vertical thickness,
that 1s less than the height, 1.e., vertical thickness, of the first
recessed gate dielectric matenial layer 18R. The second
recessed gate dielectric material layer 18S has a topmost
surface that 1s located beneath the topmost surface of the first
ILD material 16 and a topmost surface of the gate material
structure 20S. In embodiments in which the gate dielectric
material layer 18 1s non-U-shaped, an upper portion of a
sidewall of the gate conductor structure 20S 1s physically
exposed.

In some embodiments, the second recessed gate dielectric
material layer 18S may have a vertical thickness that 1s the
same as the vertical thickness of second recessed dielectric
spacer 14S. In such an embodiment, the second recessed
gate dielectric material layer 18S has a topmost surface that
1s coplanar with a topmost surface of the second recessed
dielectric spacer 14S. In some embodiments, the vertical
thickness of the second recessed gate dielectric material
layer 18S and the vertical thickness of the second recessed
dielectric spacer 14S are the same as the vertical thickness
ol outermost edge of the end portion of the gate conductor
structure 20S.

Referring now to FIG. 6, there 1s illustrated the exemplary
semiconductor structure of FIG. 3 after forming a seli-
aligned dielectric cap 22 on gate conductor structure 208,
wherein the self-aligned dielectric cap 22 has a muiddle
portion that has a vertical thickness that 1s less than a vertical
thickness of each end portion. The self-aligned dielectric cap
22 of the present application improves the process margin
for forming a self-aligned source/drain contact structure
(see, element 34 1n FIG. 9 of the present application).

As 1s shown, the middle portion of the seli-aligned
dielectric cap 22 coincides over the middle portion of the
gate conductor structure 20S. In some embodiments, and as
1s shown i FIG. 6, each end portion of the self-aligned
dielectric cap 22 extends onto a topmost surface of a
remaining portion of the gate dielectric material layer (1.e.,
either the first or second recessed gate dielectric material
layer (18R, 18S)) and a topmost surface of a remaining
portion of the dielectric spacer (1.e., the first or second
recessed dielectric spacer (14R, 145)). In some embodi-
ments, and when the gate dielectric material layer 18 1s
located entirely beneath the gate conductor material 20, each
end portion of the self-aligned dielectric cap 22 extends onto
a topmost surface of a remaining portion of a topmost
surface of a remaining portion of the dielectric spacer (1.e.,
the first or second recessed dielectric spacer (14R, 145)).

The self-aligned dielectric cap 22 has outermost sidewalls
that are vertically aligned to the outermost sidewalls of the
remaining portion of the dielectric spacer (1.e., the first or
second recessed dielectric spacer (14R, 14S)). The seli-
aligned dielectric cap 22 has a topmost surface that is
coplanar with a topmost surface of the first ILD material 16.
The selt-aligned dielectric cap 22 has a sidewall that directly
contacts an upper sidewall of the first ILD material 16.
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The self-aligned dielectric cap 22 1s composed of a
dielectric material that 1s compositionally different from the
first ILD material 16. In one example, the self-aligned
dielectric cap 22 1s composed of silicon nitride. Other
dielectric materials that may be used in providing the
self-aligned dielectric cap 22 include, but are not limited to,
silicon carbide (Si1C), silicon oxynitride (S10ON), carbon-
doped silicon oxide (S10C), silicon-carbon-nitride (S1CN),
boron nitride (BN), silicon boron mitride (S1BN), silicoboron
carbonitride (S1IBCN), silicon oxycabonitride (S1OCN), sili-
con oxide, and combinations thereof.

The self-aligned dielectric cap 22 can be formed utilizing
a deposition process such as, for example, CVD, PECVD,
ALD, high density plasma CVD (HDP CVD) deposition,
sputtering, or any suitable combination of those deposition
techniques. A planarization may follow the deposition of the
dielectric material that provides the self-aligned dielectric
cap 22. Another advantage of the present application 1s that,
the taller gate conductor structure 20S 1n the middle portion
makes the opening above the gate conductor structure 20S
casier to fill without void, resulting 1n a void-free seli-
aligned dielectric cap 22.

Referring now to FIG. 7, there 1s 1llustrated the exemplary
semiconductor structure of FIG. 6 after forming a second
ILD material 24 over the first ILD material 16 and the
self-aligned dielectric cap 22, and forming a patterned mask
26 on the second ILD material 24, wherein the patterned
mask 26 has an opening 28 that 1s located above a source/
drain region 12 of the functional gate structure (18/20).

The second ILD matenial 24 1s composed of one of the
dielectric materials mentioned above for the first ILD mate-
rial 16 with the proviso that dielectric material that provides
the second ILD material 24 1s compositionally different from
the self-aligned dielectric cap 22. In one embodiment, the
second ILD material 24 1s composed of a same dielectric
material as the first ILD material 16. In another embodiment,
the second ILD material 24 1s composed of a dielectric
material that 1s compositionally different from the first ILD
material 16. The second ILD material 24 may be formed
utilizing one of the deposition processes mentioned above
for forming the first dielectric material 16. A planarization
process may or may not follow the deposition of the dielec-
tric material that provides the second ILD maternial 24. The
second ILD material 24 may have a thickness within the
thickness range mentioned above for the first ILD material
16.

The patterned mask 26 1s composed of any photoresist
material. The patterned mask 26 may be formed by first
depositing a photoresist material on the second ILD material
24, and thereaiter the deposited photoresist material 1s
patterned by lithography. Lithography includes exposing the
photoresist material to a pattern of 1rradiation and develop-
ing the exposed photoresist material utilizing a conventional
resist developer. Alternatively, the patterned mask 26 may be
formed by a hardmask layer (e.g., titanium nitride). Lithog-
raphy 1s then used to pattern the hardmask layer. The
hardmask layer 1s than used to pattern the underneath ILD
material to form contact opening.

Referring now to FIG. 8, there 1s 1llustrated the exemplary
semiconductor structure of FIG. 7 after transferring the
opening 28 into the first and second ILD materials (16, 24)
to provide a contact opening 30 that physically exposes one
of the source/drain regions 12. During this transierring step,
a corner ol one of the end portions of the self-aligned
dielectric cap 22 i1s eroded, as 1s shown i FIG. 8. The
transierring of the opening 28 includes one or more aniso-
tropic etching processes such as, for example, a directional
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reactive 1on etch. This step provides a self-aligned dielectric
cap 22 1in which an upper portion of one of the end portions
of the self-aligned dielectric cap 22 has a chamfered (or
beveled) surface 32. The chamber surface 32 connects the
topmost surface of the selt-aligned dielectric cap 22 to a
remaining portion of the vertical sidewall of the self-aligned
dielectric cap 22.

Referring now to FIG. 9, there 1s illustrated the exemplary
semiconductor structure of FIG. 8 after forming a contact
structure 34 into the contact opening 30 and contacting the
physically exposed source/drain region 12. The patterned
mask 26 may be removed prior to forming the contact
structure 34 into each contact opening 30. The patterned
mask 26 may be removed utilizing a conventional resist
stripping process such as, for example, stripping and/or
ashing.

The contact structure 34 1s formed by filling the contact
opening 30 with a conductive metal-containing fill material;
the filling may include any suitable deposition process such
as, for example, chemical vapor deposition (CVD), plasma
enhanced chemical vapor deposition (PECVD) or atomic
layer deposition (ALD). The conductive metal-containing
f1ll material can be composed of tungsten (W), aluminum
(Al), copper (Cu), cobalt (Co), nickel (N1), titantum (1),
ruthenium (Ru), or any other suitable conductive metal or
alloy thereof. A barrier layer that 1s composed of a barrier
maternial that can prevent diffusion and/or alloying of the
conductive metal-containing {ill material with the top of the
source/drain regions may be formed into the contact opening
30 prior to contact fill. Examples of barrier materials that
may be employed in the present application include titanium
nitride (TiN), tantalum nitride (TaN), hatnium nitride (HIN),
niobium nitride (NbN), tungsten nitride (WN), tungsten
carbon nitride (WCN), or any combination thereol. The
barrier layer can be formed in the contact openings by a
deposition process such as, for example, chemical vapor
deposition (CVD), plasma enhanced chemical vapor depo-
sition (PECVD), atomic layer deposition (ALD), or meta-
lorganic chemical vapor deposition (MOCVD). A planariza-
tion process may follow the filling of each contact opening
with the conductive metal-containing fill material. The con-
tact structure 34 1s embedded in the first and second ILD
matenal layers 16 and 24 and has a topmost surface that 1s
coplanar with the second ILD material 24.

The contact structure 34 has an upper portion 34U of a
first width and a lower portion 34L of a second width that 1s
less than the first width, wherein the upper and lower
portions (24U and 34L, respectively) of the contact structure
34 are separated by a middle portion 34M having tapered
sidewalls. In some embodiments, the tapered sidewalls of
the middle portion 34M of the contact structure 34 are in
direct contact with the chamifered surface 32 of the seli-
aligned dielectric cap 22. In other embodiments, a portion of
the barrier layer (not shown) 1s 1n direct contact with the
chamiered surface 32 of the selt-aligned dielectric cap 22. In
some embodiments, the upper portion 34U may be also
tapered.

While the present application has been particularly shown
and described with respect to preferred embodiments
thereol, 1t will be understood by those skilled 1n the art that
the foregoing and other changes 1n forms and details may be
made without departing from the spirit and scope of the
present application. It 1s therefore intended that the present

application not be limited to the exact forms and details
described and illustrated, but fall within the scope of the
appended claims.
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What 1s claimed 1s:

1. A semiconductor structure comprising:

a fTunctional gate structure located on a surface of a
semiconductor material substrate, wherein the func-
tional gate structure comprises a gate conductor struc-
ture and a gate dielectric material layer, the gate con-
ductor structure comprising a middle portion having a
vertical thickness that 1s greater than a vertical thick-
ness of first and second end portions of the gate
conductor structure, the first and second end portions of
the gate conductor structure are located on laterally
opposite sides of the middle portion of the gate con-
ductor structure:

a dielectric spacer located on a sidewall of the gate
dielectric material layer;

a self-aligned dielectric cap located on the gate conductor
structure, wherein the self-aligned dielectric cap has a
middle portion that has a vertical thickness that 1s less
than a vertical thickness of first and second end por-
tions of the self-aligned dielectric cap, the first and
second end portions of the self-aligned dielectric cap
are located on laterally opposite sides of the middle
portion of the self-aligned dielectric cap; and

a contact structure contacting at least one source/drain
region ol the functional gate structure, wherein the
contact structure directly contacts a sidewall of the
dielectric spacer and has a bottommost surface that is
coplanar with a bottommost surface of the dielectric
spacer, a bottommost surface of the gate dielectric
material layer, a topmost surface of the at least one
source/drain region, and a topmost surface of the semi-
conductor material substrate.

2. The semiconductor structure of claim 1, wherein the
gate dielectric maternial layer 1s located on a sidewall of the
gate conductor structure and a bottommost surface of the
gate conductor structure, wherein the gate dielectric material
layer has a vertical thickness along the sidewall of the gate
conductor structure that 1s less than the vertical thickness of
the middle portion of the gate conductor structure.
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3. The semiconductor structure of claim 2, wherein each
of the first and second end portions of the self-aligned
dielectric cap extends onto a topmost surface of the gate
dielectric material layer and a topmost surface of the dielec-
tric spacer.

4. The semiconductor structure of claim 1, wherein the
gate dielectric material layer has a vertical thickness that 1s
the same as a vertical thickness of the dielectric spacer.

5. The semiconductor structure of claim 4, wherein the
vertical thickness of the gate dielectric material layer and the
vertical thickness of the dielectric spacer are the same as the
vertical thickness of an outermost edge of the first end
portion and the second end portion of the gate conductor
structure.

6. The semiconductor structure of claim 1, wherein an
upper portion of one of the first and second end portions of
the self-aligned dielectric cap that 1s 1 direct physical
contact with the contact structure has a chamiered surface.

7. The semiconductor structure of claim 6, wherein the
contact structure has an upper portion of a first width and a
lower portion of a second width that i1s less than the first
width, wherein the upper and lower portions of the contact
structure are separated by a middle portion having tapered
sidewalls that are in direct contact with the chamifered
surface of the self-aligned dielectric cap.

8. The semiconductor structure of claim 1, further com-
prising a first interlayer dielectric (ILD) material laterally
surrounding the functional gate structure, and a second
interlayer dielectric (ILD) material located on the first ILD
material and on the self-aligned dielectric cap.

9. The semiconductor structure of claim 8, wherein the
contact structure has a topmost surface that 1s coplanar with
a topmost surface of the second ILD material.

10. The semiconductor structure of claim 1, wherein the
semiconductor material substrate comprises a bulk semicon-
ductor substrate, a topmost semiconductor material layer of
a semiconductor-on-insulator, a semiconductor fin or a semi-
conductor nanowire.
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